Abstract: Fog is considered to be a primary challenge for free space optics (FSO) systems. It may cause attenuation that is up to hundreds of decibels per kilometer. Hence, accurate modeling of fog attenuation will help telecommunication operators to engineer and appropriately manage their networks. In this paper, we examine fog measurement data coming from several locations in Europe and the United States and derive a unified channel attenuation model. Compared with existing attenuation models, our proposed model achieves a minimum of 9 dB, which is lower than the average root-mean-square error (RMSE). Moreover, we have investigated the statistical behavior of the channel and developed a probabilistic model under stochastic fog conditions. Furthermore, we studied the performance of the FSO system addressing various performance metrics, including signal-to-noise ratio (SNR), bit-error rate (BER), and channel capacity. Our results show that in communication environments with frequent fog, FSO is typically a short-range data transmission technology. Therefore, FSO will have its preferred market segment in future wireless fifth-generation/sixth-generation (5G/6G) networks having cell sizes that are lower than a 1-km diameter. Moreover, the results of our modeling and analysis can be applied in determining the switching/thresholding conditions in highly reliable hybrid FSO/radio-frequency (RF) networks.
Introduction
Most of existing wireless and mobile communication systems exploit the radio and microwave frequency bands that became extremely overcrowded. Free space optics (FSO) has a huge bandwidth that makes it an attractive solution for the bandwidth consumption issue [1] , [2] . FSO is similar to fiber technology where both have huge bandwidth for data transmission. However, in FSO, the data is transmitted in air, whereas in fiber, it is enclosed in glass. FSO is all-optical, which allows it to reach the speed of fiber without additional costs of digging up sidewalks to Johnson SB distribution fits well the measurements with 0.2 significance level. Using this PDF, we developed a channel model and studied the system performance in terms of average bit error rate (BER) and channel capacity.
The remaining of the paper is organized as follows. In Section 2, we discuss the fog properties and make a brief survey about the key fog attenuation prediction models reported in the literature. This short survey is exploited through the whole paper for appropriate performance comparison and assessment of our proposed model to the state-of-the-art literature. In Section 3, we introduce the proposed model, and evaluate its performance in terms of RMSE and goodness of fit test R 2 in Section 4. In Section 5, we study the FSO channel under fog attenuation and geometric/optical losses. Then we define the metrics that will be used to evaluate the system performance. Using these metrics, we study the FSO channel including BER, SNR, and channel capacity in Section 6. In Section 7, we develop a statistical model for signal attenuation in foggy conditions and study the channel model in Section 8. Using this model, we evaluate the FSO system performance in Section 9. Finally, we conclude in Section 10.
Attenuation Prediction Models of Fog
The fog particle is composed of very fine water droplets or ice, or combination of them near the earth's surface [11] . These particles scatter the light and hence reduce the visibility. Fog is described by visibility less than 1 km and relative humidity that reaches the saturation level (100%) [11] - [13] . The fog is described by some parameters such as particle size distribution, liquid water content (LWC), temperature, and humidity, etc. [14] . The most important parameter is the particle size distribution which is used to be modeled in the literature by modified gamma distribution [13] . The fog characteristics can vary from one fog event to another or even during the same fog event. It depends on some factors such as season, location, life cycle, etc. [13] , [15] . Therefore, knowing the fog parameters, especially the particle size distribution, is important to describe each event alone. In general, the fog particle size is comparable to the FSO signal wavelength therefore it causes large attenuation for FSO links. The attenuation reaches 480 dB/km in dense fog and 130 dB/km in moderate fog [11] , [13] . As the fog concentration increases in the air, the visibility range obviously decreases.
In FSO, the signal wavelength is chosen to operate in the low absorption bands. Hence, absorption contribution to the total attenuation coefficient becomes very small when compared to scattering effect [16] . Therefore, studying fog particles scattering is important in order to predict the attenuation for wireless network planning and installation.
Determining the size, and water content in fog particles is important to predict the attenuation. However, this information is difficult to achieve and not always available at the FSO link installation site. Therefore, researchers proposed empirical models that depend on visibility data which is widely available from meteorological stations in cities. In fact, the origin of the fog attenuation models that use visibility data, comes from the definition of atmospheric visibility itself [17] . Visibility is defined as the distance to an object where the image distinction drops to a certain percentage of what would be if the object were nearby instead [11] , [18] . Image distinction that drops to 2% and 5% is considered in visibility definition. The visibility is measured at 550 nm which represents the maximum intensity of solar spectrum. For 5% definition of visibility and light beam at 550 nm, the Beer-Lambert (a.k.a. Koschmieder) law can be used to obtain the specific attenuation as [15] A ¼ 10logðeÞ
Àlnð0:05Þ
where V is the visibility in kilometers. For 2% visibility definition, 17 is used instead of 13 in (1) [19] . Based on this work, some models have been proposed that predict the fog attenuation for any light wavelength. In the following, we review the key reported models in the literature.
Kruse Model
Starting from (1), Kruse suggested a modification such that the particles effect at wavelengths other than 550 nm is included. The Kruse model (since 1962) has been widely used for many years as the unique model that predicts the attenuation from the visibility data [20] . The attenuation according to Kruse model is given by [21] A ¼ 13
where V is the visibility in km, and is the wavelength in m. The model estimates the attenuation in the visible and near infrared bands [20] . The coefficient q that depends on the particle size distribution, was determined from experimental data [15] , [16] , [21] and specified as follows:
6 km G V G 50 km 0:585V 1=3 ; V G 6 km:
The Kruse model has been originally proposed for haze particles made up of small aerosols that have particle size smaller than the wavelengths in visible and IR bands. Hence fog attenuation that has larger particle size was not directly considered in this model [16] , [19] , [22] , [23] . This leads to an uncertainty about validity of this model for visibility less than 1 km.
Kim Model
A study of Kruse model validity by Kim suggested amendment for this model for visibility parameter less than 500 m [16] . Based on Mie theory calculations, the proposed Kim model (2001) considered fog attenuation for V G 500 m as wavelength independent. According to this study, the original coefficient q in Kruse model is modified as q ¼
1:6;
V G 50 km 1:3; 6 km G V G 50 km 0:16V þ 0:34; 1 km G V G 6 km V À 0:5; 0:5 km G V G 1 km 0; V G 0:5 km:
This model suggests that the 1550 nm and the 550 nm will be attenuated at the same level for visibilities less than 500 m.
Al-Naboulsi Model
In the previous models, information about particle size distribution and fog type was not included in deriving the model. The authors in [15] considered this issue. Instead, a FASCOD programming tool has been used to model fog attenuation. The software is based on Mie scattering theory with modified gamma distribution for fog. Using this tool, Al Naboulsi [15] 
Ijaz Model
Due to the difficulty of taking measurements in a real environment, the authors in [22] built a controlled indoor chamber and measured fog attenuation over 0.6 m to 1.6 m wavelengths.
The results show attenuation wavelength dependency for V > 15 m, where the visible wavelengths are attenuated more than infrared wavelengths. Moreover, a new model (2013) was proposed for wavelengths between 0.6 m and 1.6 m which is given by
where V is given km, in micrometers and qðÞ ¼ 0:1428 À 0:0947 is wavelength dependent. This proposed model is valid for visibilities between 15 m and 1 km. A summary of the previous discussed empirical models is shown in Table 1 .
Proposed Model
All the models presented in previous section suggest attenuation wavelength dependency. Only Kim model suggests independency when the visibility reduces to less than 500 m. However, there are many field experiments that disagree with Kim assumption and show wavelength dependency. For example, in [18] , field measurements at two wavelengths, i.e., 830 nm and 1550 nm, in moderate fog showed better performance for 1550 nm than 830 nm, even for visibilities less than 500 m. Another work used a controlled chamber room to study the fog attenuation effect using different wavelengths in the visible and infrared bands with a visibility that ranges from dense to light [24] . The results of this work show attenuation wavelength dependency, even for very low visibility of 15 m. To develop an improved empirical model for fog attenuation prediction, we exploit four sets of measurements that have been carried out in Milan (Italy) [11] , Nice (France) [25] , Prague (Czech Republic) [18] , and Washington, DC (USA) [19] . The measurements were taken at different wavelengths and under different types of fog. Fig. 1 shows the different measurements of the specific fog attenuation in dB/km as a function of the visibility in meter. Developing a model that is able to predict them will be of high interest. Any model that claims universal appliance have to show good performance over all these measurements.
The measurements in Fig. 1 show a reciprocal relationship between the signal attenuation and the visibility. The signal attenuation increases as the visibility decreases. The measurements also show a change in the attenuation values depending on the signal wavelength. We aim to develop a suitable model that is a function of twice: the visibility and the wavelength. For this purpose, we have studied different relationships that can fit the given measurements. Because the curves in Fig. 1 obey to a power decay form, we explored typical decaying formulas (i.e., polynomial, exponential) in the literature, used to be applied for general statistical modeling and curve fitting applications. We used nonlinear (instead of linear) least square regression technique mainly because of its intrinsic capability to fit a large range of functions. In addition, nonlinear regression is known to produce good estimates of the unknown parameters from small data sets. This technique is a form of least square analysis that tries to fit some observations to a model that is non-linear in some unknown parameters. This non-linear method tries to refine the parameters by iterative optimization procedures to compute the parameter estimates. where V is the visibility in kilometers; is the wavelength in micrometers; and k , a, and b are constants. This proposed model is consistent with our discussion in previous section considering visibility and light wavelength. The model proposes lower attenuation as visibility and/or light wavelength increases. This is shown from the model simulation in Fig. 1(h) , where 1550 nm wavelength has lower attenuation than 550 nm.
The parameters' values (k , a, and b) are derived using the nonlinear least square regression in MATLAB. In the next section, we estimate the values of these three parameters depending on a classification we make of the available measurements. Moreover, we derive a general model that can be applied without prior information about the fog event and location. Then based on prior knowledge about the fog type or the location, we propose specific parameters values (i.e., for special cases) that improve our estimation of the signal attenuation. Therefore, once we get some information about the category of the fog event or its location, we can reduce the estimation error and improve our expectation.
The first special case depends on the fog type whether it is dense or moderate. For convenient analysis and discussion in the remaining of this paper, we refer to this as class alpha (or ). In a second step, we classify the measured data based on the location whether this has been in France, Italy, USA, or the Czech Republic. Again, for convenience, we refer to this as the class beta (or ). Our attenuation model will have specific parameters' values in each type of classification or . In a third and last step, we avoid classification of our data and try to develop a general model. The model developed for this general case corresponds to compromised settings in which we ignore or omit any prior information about the fog event. This class is referred here as compromise/unified class. For each of these three classes, we determine the optimum value of the three parameters in our proposed attenuation model. We then evaluate the performance of our model in contrast to those of existing literature models.
Performance Evaluation of the Proposed Model
In order to evaluate the performance of any new proposed empirical model and compare this with other models in the literature, it is common to address two standard performance indicators: 1) RMSE measure and 2) goodness of fit test measure, also defined as R 2 measure. The later represents how well the model fits the observations. The RMSE measure is given by
where A mi and A pi are the ith measured and predicted attenuation values, respectively, at the same visibility value, and n is the number of measurement points. To test the goodness of fit of the proposed model and compare it with others, the R 2 measure is used which is given by
where SS reg is the sum of the squares of the distances of the points from the best-fit curve, and SS tot is the sum of the square of the distances of the points from the mean of all points. The R 2 measure has values between 0 and 1. As R 2 measure of a given model increases and approaches 1, the model is considered to better fit the measured data.
Fog Type Alfa-Classification
In Fig. 1 , we have seven measurements, three of them were measured in moderate fog and the others are measured in dense fog. Using the nonlinear least square regression in MATLAB, the parameters' values are found and listed in Table 2 . As illustrated in this table, the optimum value of k , a, and b clearly changes depending on the fog type from dense to moderate. It is reasonable to expect that much more experimental measurements, covering more accurate levels of fog, may help improving the obtained results and enhance the accuracy of our channel attenuation model. which shows slightly higher RMSE. On average, the proposed model achieves approximately 12 dB less RMSE than literature. Moreover, in order to test the goodness of fit of the proposed model, the R 2 measure is used. In Fig. 2(b) , we illustrate the goodness of fit R 2 measure of the proposed model in contrast to literature. The results show that the proposed model outperforms the others except for the 785 nm measurements in Italy once again. In order to help illustrating the importance of this fog type classification, we apply the moderate fog optimized parameters to dense fog measurements in France. This shows an RMSE degradation of 10 dB, i.e., from 34 dB down to 44 dB.
Location Based Beta-Classification
Based on the city where the measurements have been carried out, we estimate again the k , a, and b parameters and determine the model performance. Table 2 shows the parameters' values for each city. The results show that this model overcomes all other models. On average, the RMSE calculation in Fig. 2(a) shows that our model achieves approximately 14 dB lower than literature. Similarly, our proposed model shows an R 2 measure that outperforms the literature in all measurements.
As a numerical example that helps to illustrate the importance of this classification, we apply the parameters optimized for Italy to The Czech Republic. We find an RMSE increase of 8 dB due to this location mismatch.
Compromise/Unified Based Classification Model
Using the nonlinear least square regression, we have calculated the values of k , a, and b that can be applied for any city and any fog type among the reported measurements. The model parameters are found to be k ¼ 22, a ¼ À0:2, and b ¼ 1:04. Using these values, the performance evaluation of this model is shown in Fig. 2(a) for RMSE and Fig. 2(b) for R 2 measure. We notice that the model shows good performance when compared to other models. On average, the proposed model reduced the RMSE by 9 dB compared to the lowest RMSE achieved by the other models. In terms of goodness of fit, we find that our proposed model has almost similar performance to the literature ones.
It's important to note that our proposed unified model, in which we have obviated the importance of location and fog type by merging all the measurement data, achieves a performance improvement of 9 dB RMSE on average compared to the best in literature. Moreover, we note that because compromise classification is by definition is "compromise case" this performs less than alpha and beta models, where we have classified our data based on fog type and location respectively. The obtained RMSE results straightforwardly confirm that our proposed unified model is effectively a compromise one, as we have previously named. Hence, this model is expected to show good (or acceptable) performance when applied to other cities regardless of the fog type. It is reasonable that our proposed model can be further improved by including more field measurements. According to [8] , a bank of field measurements from different fog events and large number of locations, is required to reach a more universal and accurate model.
It is important to note that a channel attenuation prediction model is an essential tool for telecoms operators for two main settings i.e., installation and operation. In fact, the network planners need to make appropriate calculation of the link length between any transmitter and receiver in an FSO network, in addition to power margin, power/loss budget, link availability, outage probability, network reliability, etc. Indeed, the proposed channel attenuation model can help by determining the expected signal attenuation of a given region, based on its visibility data obtained from the weather stations.
Foggy FSO Channel Model and Performance Evaluation
In addition to signal attenuation by fog, the FSO communication system is affected by turbulence fading and geometrical loses, as shown in Fig. 3 . The effect of channel turbulence on the FSO signal in foggy weather is weak, yet negligible. According to [26] and [27] , the foggy channel and turbulence are uncorrelated. The likelihood of turbulence occurrence during fog event is low especially under heavy fog events. Therefore, in this work, we ignore the effect of channel turbulence.
The received optical power signal in front of the photodetector is given by [28] , [29] 
where P t is the transmitted power, D 1 and D 2 are the transmitter and receiver aperture diameter, t is the full transmitting divergence angle, L is the link length, t is the transmitter optical efficiency, r is the receiver optical efficiency, and is the atmospheric attenuation factor in dB/km. The received signal in (9) can be expressed in dBm unit as P r ðdBmÞ ¼ P t ðdBmÞ þ 10logðSÞ À 22LV Àð1:04À0:2Þ (10) where S ¼ D 2 t r =ðD 1 þ t LÞ 2 combines the geometrical and optical losses. In the receiver, two types of photodetectors can be used: PIN photodiode and avalanche photodiode (APD). The cost of PIN is lower, but its sensitivity is less than APD. The SNR of a PIN photodetector is given by [30] 
where the first term in the denominator represents the shot noise, and the second term represents the thermal noise. For APD photodetector, the SNR is given by
where M is the mean avalanche multiplication factor and M x is the excess noise factor. The noise parameters in (11) and (12) are defined as: I D is the dark current, e is the electron charge, B is the post-detection electrical bandwidth, T is the absolute temperature, K is the Boltzmann's constant, R L is the load resistor, and F n is the noise figure. The output photocurrent due to the incident optical power is given as
where R is the photodetector responsivity in A/W. Note that multiple scattering of photons in foggy channel may introduce channel time spreading and therefore inter-symbol interference (ISI) on the received optical signal. The ISI effect can introduce about 50 ps or less delay spread which limits the data rate to 20 Gbps with free ISI [31] . Current commercial FSO solutions offer few Gbps up to 10 Gbps. Therefore, the effect of ISI is negligible. Another important metric to study the performance of FSO is the BER. The OOK modulation is widely used in research and commercial FSO products. Therefore, we will consider this 
where Q is the Q-function. Although the performance of any communication system is limited by the SNR. This limitation can be specified more formally using the concept of channel. The channel capacity is defined as the maximum possible bit rate for error-free transmission in the presence of noise. For an intensity modulation/direct detection (IM/DD) optical communication system, the lower bound channel capacity is asymptotically given by [32] C ! 1 2 log 2 1 þ e 2 2 ; bit/sec/Hz (15):
Results and Discussions
In this section, we present simulation results for different performance metrics. In simulation, we consider the parameters and their corresponding values listed in Table 3 , except where noted otherwise. Parameters related to the transmitter and receiver are obtained from specifications of practical systems and commercial products [33]- [35] . Our focus here is to study the performance of the FSO system in foggy weather. We aim to determine the FSO system capability and limitations.
Signal Wavelength and Transmitted Power
First, we consider the possible transmitted power of the light source and its dependency on the signal wavelength and eye safety. Using longer wavelengths is better as the eye safety limit at these wavelengths is higher. This gives us advantage of transmitting at higher power to compensate for power loss by fog. For example, if the transmitter aperture diameter is 10 cm, then under eye safety limit, we can transmit 160 mW and 8 W using 850 nm and 1550 nm light sources, respectively [36] . Other advantages of using longer wavelengths include less atmospheric attenuation, less solar background radiation, and compatible with the existing infrastructure for the case of 1550 nm light. Fig. 4(a) shows the performance of the FSO system using two transmitters at 850 nm and 1550 nm wavelengths with 500 mW transmitted power and 1 km link length. The range of visibility is defined into four regions: dense fog (D), thick fog (T), moderate fog (M), and light fog (L). For low visibility corresponds to high attenuation by fog, the received power of 1550 nm transmitter is better than for 850 nm transmitter. For example, at V ¼ 0:5 km, the received power using 1550 nm is 4 dB better using 850 nm. When the atmosphere becomes clearer (light fog), the performance of both transmitters gets closer. This result assures the fact that longer wavelength is less attenuated. Therefore, 1550 nm light wavelength is preferred for FSO systems in fog weather to compensate for the high power loss.
Receiver Photodetector Type
Now, let us consider the performance of the FSO system using PIN and APD photodiodes over the same link distance (1 km) and using 160 mW transmitted power. As expected, we notice from the plot of SNR versus the visibility in Fig. 4(b) that the performance of APD is better in fog weather. This is obviously because APD has high multiplication gain. At low visibility that corresponds to high attenuation, the APD shows better performance. For example, at V ¼ 0:6 km, the performance of APD outperforms that of PIN by 10 dB SNR. However, as the visibility improves, the received power increases, and hence, the multiplication gain effect reduces till both APD and PIN get close performance. In our case, we prefer to use APD because it has higher SNR at low visibility so it helps to improve the FSO system performance under high attenuation conditions.
Received Power and Link Length
The performance of the FSO system in foggy channel as a function of the visibility range is shown in Fig. 5(a) . The receiver sensitivity corresponding to a system with 2.5 Gbps data rate is considered to be P s ¼ À34 dBm. For P t ¼ 160 mW and link length L ¼ 1 km, the system performance is poor and we achieve the receiver sensitivity at V ¼ 0:57 km which corresponds to light fog condition. Once the received power falls below the receiver sensitivity ðP s ¼ À34 dBmÞ which is considered as a threshold point, an RF link can be used as a backup solution to ensure continuous connectivity at low speed data. Notice that FSO/RF system is widely proposed in literature to gather between FSO high capacity and RF availability [37] , [38] . The FSO/RF link is very robust where there is very low possibility that both links will fail simultaneously.
To improve the system performance, two strategies can be used. The first strategy which is shown in Fig. 5(a) , for a link length of 1 km, is to increase the transmitted power. As the transmitted power increases, the FSO system can work under lower visibility. However, because of laser safety, we cannot increase the transmitted power without restrictions. For P t ¼ 1 W, the 1 km link can work at low visibility that equals 0.42 km. Although this increment in the transmitted power, the system is still not able to work under moderate, thick and dense fog conditions. Therefore, higher transmitted power is required to achieve better performance.
The second strategy to improve the FSO system performance under fog condition is to use a multi-hop link based on short segments as proposed in [39] and [40] . Using shorter segments links will improve the power budget and, hence, improve the overall system performance. Note that the use of 1550 nm in optical band has a tremendous additional advantage over other wavelengths that consists of the availability of all optical erbium doped fiber amplification (EDFA). In effect, EDFA is a mature and inexpensive technology widely used in today's fiber optic communications in order optically amplify a comb of wavelength division multiplexing (WDM) and not only a single carrier. It is expected that future multi-hop FSO system will strongly benefit from this amplification technology. Fig. 5(b) shows the system performance for three link lengths: 1 km, 0.5 km, and 0.2 km. The results show that decreasing the link length to 0.5 km makes possibility of link operation in moderate fog. If the link length is further decreased to 200 m, the system will be able to work in thick fog. However, under dense fog, there is no possibility to reach the receiver sensitivity and hence no link operation. This is due to the exponential nature of fog attenuation.
In Fig. 6 (a), we plot the maximum possible link length as a function of the visibility range to achieve the receiver sensitivity P s ¼ À34 dBm. The figure shows that for very low visibility range, the maximum link length is very short and increasing the transmitted power has very low impact on system performance. As the visibility range increases, the maximum link length increases too and we can notice the improvement of the system performance if the transmitted power increases.
Cellular Cell Size and Link Length
Small cell sites such as microcells and picocells are set for widespread deployment in order to improve mobile data coverage. These cells have begun introduced by network operators to keep up with bandwidth demand. The size of these cells ranges from tens to hundreds of meters. Furthermore, the cell size will keep deceasing as the technology exploits higher frequencies such as 60/70/80 Ghz bands in order to compensate for the high attenuation encountered in these frequencies [41] . Considering this fact, we can see FSO as a promising solution for backhaul application in current networks and future fifth-generation (5G) networks. FSO can be used as a backhaul solution to connect these cells and also connect indoor femtocells. Cell size reduction has high impact effect on the FSO system which compensates for outdoor 
Transmitted Power Control
In Fig. 6(b) , we have seen high improvement in system performance as the link length decreased. However, the FSO link dropped in the dense fog region V G 40 m. To investigate more this issue, we need to study the effect of controlling the transmitter power for different link lengths. Fig. 7(a) shows the performance of the system as a function of the transmitted power for different link lengths. As it is expected, power control can improve the system performance under high visibility. However, when the visibility is low, much more power is needed. For example, in the region of light fog with L ¼ 1 km, and by increasing the transmitted power from 10.5 dBm (line A) to 30 dBm (line B) which corresponds to 19.5 dBm power increment, we achieved high improvement in FSO system corresponds to 0.576 km difference in visibility. In the moderate and thick fog with L ¼ 0:5 km, applying the same power increment (19.5 dBm) yields 150 m difference in visibility. If we try to improve the FSO system performance under dense fog such as the one with L ¼ 0:2 km, using higher transmitted power will give us little improvement. As shown in Fig. 7(a) , for 19.5 dBm increment in transmitted power, the visibility difference is 27 m only. This is due to the exponential nature of fog attenuation.
Signal-to-Noise Ratio (SNR), Bit Error Rate (BER), and Channel Capacity
To study the BER and channel capacity of the FSO system, we need first to calculate the system SNR. Fig. 7(a) shows the SNR for different transmitted powers and link lengths. The corresponding SNR limit to the receiver sensitivity is found to be SNRs ¼ 14:8 dB. Therefore, below this limit, the system is not working. Instead, RF backup link can be used to maintain slow connection link with better availability. The results show that there is no possibility of connection in dense and thick fog regions with L ¼ 1 km; even if the transmitted power increased to 1 W. However, shorter link length has good effect on the system performance. For L ¼ 0:2 km, a communication is possible under thick fog but the performance of the system for dense fog for V G 40 m is impossible. Notice that using high power with L ¼ 0:2 km shows slight improvement in the system performance in dense fog.
The BER of the system under foggy weather is shown in Fig. 8(a) . The BER limit corresponding to the receiver sensitivity is BERs ¼ 2:7 Â 10 À3 . The results show poor performance with L ¼ 1 km and P t ¼ 160 mW except under light fog with V > 490 m. Using higher transmitted power, the FSO system can work at lower visibility. For example, for BER ¼ 10 À6 , the FSO system can work at low visibility V ¼ 500 m instead of V ¼ 700 m by increasing the transmitted power from 160 mW to 1 W. However, the FSO system is still unable to work in thick and dense fog. Using shorter link length L ¼ 0:2 km, we have achieved BER ¼ 10 À3 for low visibility equals V ¼ 40 m. If the transmitted power increased to P t ¼ 1 W, the system achieved BER ¼ 10
À3
with V ¼ 33 m which corresponds to slight improvement in system performance. This is due to the exponential nature of the fog attenuation as it is clear from the sharp decay for BER curves in dense fog.
The study of channel capacity of FSO system under fog weather is shown in Fig. 8(b) . The capacity limit corresponds to the receiver sensitivity is C s ¼ 4:3 b/s/Hz. For L ¼ 1 km, and P t ¼ 160 mW, the system cannot achieve C > 4:3 b/s/Hz. Using higher transmitted power and/ or decreasing the link length, better capacity can be achieved. For L ¼ 0:2 km, the system can work under thick fog with C > 4:3 b/s/Hz. However, for very low visibility in the dense fog range, the achieved channel capacity is less than the limit. To maintain specific performance, e.g., C ¼ 10 b/s/Hz, the FSO system with L ¼ 1 km and P t ¼ 1 W can work with V > 0:88 km only. Under thick fog, and to maintain the same capacity performance, we need to use shorter link L ¼ 0:2 km with P t ¼ 1 W which makes the system work at low visibility V > 50 m.
Performance Comparison of Fog Attenuation Models
In this section, we study the performance of FSO system using the literature attenuation prediction models presented in Section 2. The lower bound channel capacity using these models is shown in Fig. 9 . The results show that our proposed model ð0:6 km G V G 1 kmÞ and the Al Naboulsi advection model ðV 0:6 kmÞ present the lowest estimated capacity whereas the Kruse model gives the highest estimate. The other models' estimates of capacity fall between these both extremes. As we mentioned before, the high estimate capacity by the Kruse model is due to the fact that the Kruse model was proposed for haze conditions, which has lower attenuation effect than fog. This is mainly because of haze particles are quite smaller than fog ones. Therefore, the Kruse model can be considered as optimistic since it promises a channel capacity that is very possibly much higher than reality. In counterpart, our proposed model can be considered as the most conservative, because it promises the lowest channel capacity compared to all existing ones. Note that, overestimating the capacity can lead to an increase in the outage probability of the FSO system.
Probabilistic Model of the Signal Attenuation in Fog
In this section, we investigate the statistical nature of FSO signal attenuation in foggy channel using the obtained field measurements. The Kolmogorov-Smirnov (K-S) goodness of fit test is used to examine different statistical distributions. This test is based on comparing the empirical cumulative distribution function (CDF) of the observations (experimental data) with the CDF of a reference distribution (theoretical). We have applied this test on a high number of continuous distributions including bounded, unbounded, non-negative continuous distributions. The results show that the Johnson SB distribution fits well the signal attenuation of all measurements with 0.2 significance level. The significance level is the probability of rejecting the null hypothesis (data follow the specific distribution) given that it is true. The later value is considered to be as high goodness of fit value [42] . The Johnson SB distribution is given by where z À = [43] . The parameters > 0, and are referred as the scale and location parameters respectively while and > 0 are both called shape parameters with the domain x þ . The CDF is given by
where ðx Þ is the Laplace integral given by Fig. 10(a) shows the Johnson SB PDF for each measurement. It also shows the histogram of the measurements. We can notice that the Johnson SB PDF fits the histogram well. Another way to test the goodness of fit of a specific distribution to some measurements is to use the P-P plot. The P-P plot is a graph that represents the empirical CDF values against the theoretical CDF values. It shows how well the proposed distribution fits the observed data. In Fig. 10(b) , we show the P-P plot for the all measurements. The plot is approximately linear which means that Johnson SB distribution is a good model. The Johnson SB distribution can be used to generate the different types of fog as classified by the international visibility code [5] and listed in Table 4 . In this code, four types of fog are classified depending on the visibility range. According to this visibility classification, we used the data to estimate the Johnson's SB parameters, as listed in Table 4 . 
System and Channel Model
In this section, we consider a point-to-point FSO communication link using intensity modulation direct detection (IM/DD) with OOK modulation. The OOK modulation is widely used in FSO practical systems because it simplifies the system designs and reduces the cost. The propagated signal is affected by the foggy channel and corrupted by additive white Gaussian (AWGN) noise in the receiver. The received signal is given by [26] 
where x is the binary transmitted signal intensity, R is the detector responsivity, h is the channel state, and n is additive white Gaussian noise with variance 2 n . For OOK signaling, the instantaneous received electrical SNR is given by
where P t is the average optical transmitted power such that x 2 f0; 2P t g, and o ¼ P
n . Using the Beer-Lambert law, which relates the signal attenuation to the link length, the channel state is given by h ¼ expðÀ p lÞ (21) where l is the length of the propagation link in km and p is the attenuation coefficient in km −1 . The signal attenuation in dB/km is related to the attenuation coefficient by [35] ðdB/kmÞ ¼ 4:
From (21) and (22), the signal attenuation as a function of the channel state is written as
The PDF of the cannel state can be obtained from the signal attenuation PDF by transformation of the random variable by [44] 
where
The index i in (24) represents the number of solutions for the variable over the interval of interest ð0 G h 1Þ. In our case, we have only one solution represented by (23) . Substituting (16) and (25) in (24), the distribution of the channel state is given by
where z ðÀ4:343l À1 lnðhÞ À Þ=, and the channel state is limited to expðÀ0:23LÞ ! h ! expðÀ0:23ð þ ÞLÞ. Using (25), we can study the performance of FSO system under foggy weather in terms of average BER, and channel capacity. Because Johnson SB distribution has four parameters, finding closed form expression is difficult. We hence proceed to our performance evaluation through numerical simulation. We have used Wolfram Mathematica 10 software which uses adaptive algorithms that recursively subdivides the integration region as needed. Using this software, we solved the complex integrations numerically.
Average Bit-Error-Rate (BER)
The average BER for IM/DD with OOK modulation and equiprobable symbols is given by [45] P b ðeÞ ¼
where Qð:Þ is the Gaussian Q function. Substituting (26) in (27) yields
Channel Capacity
The channel capacity of FSO system is a random variable that depends on the SNR which is given mathematically by [46] hCi ¼
Substituting (26) in (29) yields
Results and Discussions
In our simulation, we consider an FSO link with noise standard deviation N ¼ 10 À7 A/Hz. Fig. 11(a) shows the average BER in terms of the transmitted optical power in dBm for three link lengths: 1 km, 0.5 km, and 0.2 km. In general, when fog density is low, the average BER decreases obviously as the transmitted power increases. However, under dense fog, transmitting more power does not improve the system performance.
We notice that under dense fog ðV G 50 mÞ, the system performance is very poor even for short links. Therefore, FSO link in dense fog does not exist. To achieve BER ¼ 10 À3 (line H) under 500 m link length, we need 12 dBm (Point A) [equivalently 40 dBm (Point B)] transmitted power under light fog (equivalently moderate fog). This high change in power (28 dBm) calls for using adaptive modulation to optimize the system performance. For thick fog, we are constrained for shorter 200 m link to achieve a BER ¼ 10 À3 using 24 dBm transmitted power (Point C). From another perspective, let's consider the achievable performance using the nominal transmitted power of 22 dBm that is available today in the market from FSO systems manufacturers. Using this power (Line V) with 500 m link length, we can achieve BER ¼ 10 À7 (Point D) under light fog. The other fog types will cause BER > 10 À3 . If we decrease the link length to 200 m, we can achieved BER G 10 À10 for moderate fog and BER % 10 À3 (Point E) for thick fog. This means that 200 m link FSO communication can potentially be reliable for a wide range of fogs from light to thick. Fig. 11(b) shows the ergodic channel capacity for several fog types and link lengths. Again, the performance of FSO system under dense fog is very poor regardless the link length and the transmitted power. The same poor performance can be noticed for thick fog with L ¼ 1 km. However, for shorter link lengths, the capacity enhances quite well. For example, for L ¼ 0:5 km and L ¼ 0:2 km, 5 bits/s/Hz and 22 bits/s/Hz can be achieved respectively. For moderate and light fog, the performance is much better. If we fix the transmitted power to 22 dBm (Line V) and link length to 500 m, then we can achieve 30 b/s/Hz (Point A) [respectively, 18 b/s/Hz (Point B) and 5 b/s/Hz (Point C)] channel capacity for light fog (respectively moderate and dense fog).
Our discussion before showed that FSO technology can work under non dense fog effect with short links. Recall that small cell sites such as microcells and picocells are set for widespread deployment in order to improve mobile data coverage. Considering this fact, we can see FSO as a promising solution for backhaul application in current networks and future 5G networks. FSO can be used as a backhaul solution to connect these cells and also to connect indoor femtocells.
Conclusion
FSO is an emerging technology that promises to solve the last mile bandwidth bottleneck. However, FSO is affected by fog that severely reduces the FSO reliability. Predicting fog attenuation will help for better design of FSO links and networks leading to an increase in its system reliability. In this paper, we have developed and proposed a unified empirical model for fog attenuation prediction. We achieved a 9 dB RMSE improvement compared to existing literature models. Moreover, we studied the statistical behavior of FSO signal in random foggy conditions and developed a probabilistic channel model. Our results of studying FSO system show poor performance under long length link. However, using shorter link less than 1 km that can be considered as segments in future multi-hop long distance FSO system, the performance is highly improved to support FSO system under thick, moderate, and light fog. Worthy to note that in dense fog, using high power and/or shorter links could not help much to improve the system performance. Therefore, RF backup link can be used to maintain availability of connection but with low speed connection, as compared to FSO.
